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ABSTRACT 1 
Gene content and gene-coding percentages can be predicted from genome size in newly 2 
sequenced organisms. Here, we investigate whether these predictions are influenced by 3 
phylogenetic relationships between the involved species. Combining a highly resolved 4 
phylogenetic tree with a large compilation of gene content data, our results reveal the 5 
presence of significant phylogenetic structure in the correlations between genome size and 6 
gene content in both bacteria and eukaryotes. The variation in log-gene content explained by 7 
log-genome size in combination with phylogeny was found to be 97% in bacteria and 55% in 8 
eukaryotes. Further, in bacteria gene-coding percentages are only significantly correlated to 9 
genome size if phylogenetic information is taken into account in the analyses. These findings 10 
support the usage of phylogenetic correlation models for gene content predictions. 11 
 12 
13 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TEXT 1 
Gene content, the number of genes coding for proteins, is correlated with genome size in both 2 
non-eukaryotes and eukaryotes (Lynch and Conery 2003; Konstantinidis and Tiedje 2004; 3 
Gregory 2005). More detailed knowledge about this relationship would be important, as it is 4 
highly desirable to be able to predict gene content in species with massive genome size. 5 
Recently, Hou and Lin (2009) proposed a linear relationship between log(genome size) and 6 
log(gene content) for non-eukaryotes and a steeper logarithmic relationship for eukaryotes, 7 
both with high correlation of R2>0.91. Similar relationships were found between genome size 8 
and the total number of genes, or, inversely, with the amount of non-coding DNA. Their 9 
compilation includes 55 eukaryote and 1055 non-eukaryote species with completely 10 
sequenced and annotated genomes. However, given that these species are phylogenetically 11 
related to various degrees, phylogenetic information should be included in the correlation 12 
analyses, which has not been attempted yet. Here, we examine the correlations between 13 
genome size and gene content or coding percentage of genome, applying methods for 14 
“phylogenetically informed analysis” that have been developed for correlative studies in other 15 
fields (e.g. Felsenstein 1985; Garland et al. 2005). The method of phylogenetic generalized 16 
least-squares (PGLS) is currently the most frequently used approach for phylogenetic 17 
regression (Nunn 2011), as it allows the assumed model of evolution to deviate from 18 
Brownian motion (Pagel 1999; Freckleton et al. 2002). To test for phylogenetic structure in 19 
the data, PGLS simultaneously estimates the parameter λ for a given combination of data and 20 
tree with a maximum likelihood approach. A λ value significantly different from 0 indicates 21 
that the data values cluster according to the structure of the given phylogenetic tree, and thus 22 
that phylogenetic regression is warranted. If λ is close to 1, PGLS yields roughly the same 23 
results as the classic independent contrasts (IC) method (Freckleton et al. 2002). 24 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Phylogenetic and non-phylogenetic correlations between genome size and both gene-content 1 
and gene-coding percentages are shown in Table 1 and illustrated in Figure 2. For the 2 
correlation between gene-content and genome size, λ values are close to 1 and significantly 3 
different from 0 in both eukaryotes and non-eukaryotes, indicating that a phylogenetic 4 
approach is needed for this analysis. Thus, results of phylogenetic least-squares regression 5 
(PGLS) are almost identical to independent contrasts (IC) results in all three groups. Overall, 6 
the correlation coefficients and p-values are very similar in phylogenetic vs. non-phylogenetic 7 
analyses, although for eukaryotes, our analysis yields a weaker correlation in phylogenetic 8 
regression (R2=0.55, p=.0005) than in raw species regression (R2=0.84, p<.0001). The 9 
variation in log-gene content explained by log-genome size in combination with phylogeny 10 
was found to be 97% in bacteria and 55% in eukaryotes. 11 
For the correlation of gene coding percentage with genome size, λ values are close to 1 and 12 
differ significantly from zero for the bacterial and the combined dataset, but not for 13 
eukaryotes (Table 1). Thus, PGLS results are more similar to raw correlations in the latter 14 
group. Interestingly, the very low correlation between genome size and gene-coding 15 
percentage in bacteria is only significantly different from zero if phylogenetic relationships 16 
are taken into account. Log-genome size predicts 81% of the variation in log-gene-coding 17 
percentage in eukaryotes, but only about 7% in bacteria (for prediction equations, see 18 
Supplementary Information).    19 
Our results indicate the presence of phylogenetic structure in the correlations of genome size 20 
with gene content in both bacteria and eukaryotes, and in the correlation of genome size with 21 
gene-coding percentage in bacteria. The absence of phylogenetic structure in eukaryote gene-22 
coding percentages may be due to the relatively small number of species in our sample 23 
(n=19), which are all very distantly related (e.g. 1 bird, 1 fish, 1 worm, 1 algae and 4 24 
mammals). In bacteria, the sample is larger (n=82) and the variation in the degree of 25 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relationship between the included species is higher, yielding a better estimate of phylogenetic 1 
structure. In contrast to earlier studies (Hou and Lin 2009), we found that the gene-coding 2 
percentage is also significantly correlated to genome size in bacteria, but only if phylogenetic 3 
relationships between species are taken into account in the analysis.  4 
We therefore conclude that phylogenetic structure should be considered in any attempt to 5 
predict gene content or gene-coding percentage from genome size in organisms. Although the 6 
present sample is rather small, we expect that the amount of phylogenetic structuring will be 7 
even larger if the sample is expanded by inclusion of more, closely related species. 8 
Additionally, considering phylogenetic relationships may provide insights into whether a 9 
particular deviation from the general trend is species-specific (e.g. due to recent polyploidy, 10 
cf. Otto 2007) or lineage-specific (e.g. an adaptive event in ancestral birds and bats, Hughes 11 
and Hughes 1995). Depending on the availability of larger datasets, future studies may 12 
disentangle different scenarios of phylogenetic inertia and adaptation in gene content - 13 
genome size variation across organisms, as has proven useful in comparataive studies of 14 
genome size (e.g. Oliver et al. 2007, Organ and Shedlock 2009). 15 
 16 
METHODS 17 
Taken from Hou and Lin (2009), the variables in the present study include genome size, 18 
protein coding gene number, and coding percentage. All data were log-transformed in order to 19 
increase normality of their distributions over a large range of values, following Hou and Lin 20 
(2009). Phylogenetic information was taken from the Interactive Tree of Life (Letunic and 21 
Bork 2007), a highly resolved phylogenetic tree based on 31 marker gene families which are 22 
found universally among 191 sequenced genomes. In this tree, the families which show 23 
multiple horizontal transfers and cause difficulty in alignment were removed and the 24 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phylogeny was constructed using Maximum Likelihood reconstruction as described in 1 
Ciccarelli et al. (2006). This approach was chosen as it allows to include a very diverse range 2 
of organisms in a consistent manner, although it may not yield a maximum sample size within 3 
lineages. Limited by the overlap between the two, the dataset on gene content and the 4 
phylogenetic tree, our sample comprises 101 organisms (82 bacteria and 19 eukaryotes, listed 5 
in the Supplementary Information). The pruned version of the tree used in this analysis is 6 
shown in Figure 1. 7 
 8 
To test whether there is phylogenetic autocorrelation in the data, and thus whether a 9 
phylogenetic approach is warranted, the parameter λ was estimated using the CAIC package 10 
(Purvis and Rambaut 1995) in R 2.14 (R Development Core Team 2011). Varying from 0 to 11 
1, λ close to 0 indicates that there is no phylogenetic signal in the data, whereas λ close to 1 12 
indicates Brownian motion phylogenetic autocorrelation in the analysed traits. In other words, 13 
if the value of λ is found to be significantly different from zero, phylogenetic methods such as 14 
the here applied phylogenetic generalized least squares (PGLS) regression are warranted 15 
(Pagel 1999). PGLS fits a linear model to the data, which therefore must be transformed 16 
accordingly before analysis. Although Hou and Lin (2009) found a slightly better fit for a 17 
logarithmic relationship between log(gene cont) and log(genome size), in our smaller sample 18 
the difference between a logarithmic and a linear model was minimal. We therefore 19 
consistently used a linear model for all analyses. PGLS converts the phylogeny into a 20 
variance-covariance matrix, which is then included in the error term of the regression model. 21 
The resulting estimated regression parameters are “phylogenetically controlled” (Pagel 1999; 22 
Freckleton et al. 2002). For illustration, phylogenetically independent contrasts (IC; 23 
Felsenstein 1985; Garland et al. 1992) were calculated in Mesquite (Maddison and Maddison 24 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2008) using the PDAP: PDTREE package (Midford et al. 2002) and analysed using the 1 
program JMP (JMP 2009). 2 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Tables  7 
Table 1. Correlation of log genome size with log gene content and log gene-coding 8 
percentage for eukaryotes, bacteria and all species using phylogenetic generalized least-9 
squares (PGLS), a non-phylogenetic model (Raw) and independent contrasts (IC). 10 
Regression equations are shown in the Supplementary Information. 11 
 Gene content Gene-coding percentage 
 PGLS Raw (λ=0) 
IC 
(λ=1) PGLS 
Raw 
(λ=0) IC (λ=1) 
 λ 
P-
value 
of λ≠0 
R2 
P-
value 
R2 
P-value 
R2 
P-value 
λ 
P-
value 
of λ≠0 
R2 
P-
value 
R2 
P-value 
R2 
P-value 
Eukaryote 
(n=19) 
0.97 0.03* 
0.55 
.0002* 
0.82 
<.0001* 
0.51 
0.0005* 
0.001 1 
0.819 
<.0001* 
0.819 
<.0001* 
0.46 
0.003* 
Bacteria 
(n=82) 
0.84 0.0007* 
0.97 
<.0001* 
0.97 
<.0001* 
0.96 
<.0001* 
0.999 <.0001* 
0.068 
0.017* 
0.013 
0.29  
0.069 
0.016*  
All 
species 
(n=101) 
0.97 <.0001* 
0.74 
<.0001* 
0.798 
<.0001* 
0.725 
<.0001*  
0.967 <.0001* 
0.264 
<.0001* 
0.77 
<.0001* 
0.08 
0.003* 
 12 
13 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Figure legends 1 
Fig 1. The highly resolved phylogenetic tree of 101 species used in this study for Independent 2 
Contrasts and PGLS. 3 
Fig 2. Correlations of log (gene content) and log (gene-coding percentage) with genome size without 4 
phylogeny (A, C), and with phylogeny (B, D) using independent contrasts (IC). Dashed line is 5 
eukaryotic and solid line is bacterial fit. For statistics see Table 1. 6 
7 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